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英文缩写 英文全名 中文全名 
CHO Chinese Hamster Ovray 中国仓鼠卵巢瘤细胞 
DMEM Dulbecco’s Modified Eagle Media DMEM 细胞培养基 
FBS Fetal Bovine Serum 胎牛血清 
PBS Phosphate Buffered Saline 磷酸盐缓冲液 
HBSS Hank's Balanced Salt Solution Hank's 平衡盐溶液 
Ouabain Ouabain Octahydrate 哇巴因 
S buffer Stimulus buffer 激活液 
L buffer Loading buffer 装载液 
A buffer Assay buffer 分析液 
TEA Tetraethylammonium 四乙胺 
DMSO dimethyl sulfoxide 二甲基亚砜 
HTC high throughput screening 高通量药物筛选 
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由于 DMSO 能增加细胞膜对许多分子的通透性，因此 DMSO 经常被用作药
物载体来帮助药物分子穿过细胞膜。虽然分子模拟实验证实了 DMSO 能在细胞
膜模型（脂质双分子层）上诱导出瞬时的水性孔道，但是到目前为止，没有直接
的实验证据说明 DMSO 拥有这种能力。本实验利用 Ca2+和 Tl+离子胞内成像的方
法，验证了 DMSO 是否具有在细胞膜上诱导出离子通透性的水性孔道的能力。 
CHO-K1 细胞 Tl+离子胞内成像结果显示，DMSO 能瞬时增加细胞膜对 Tl+
的通透性（大约在 10s 内急剧增加 Tl+的跨膜转运），表现为细胞胞内荧光强度增
加，并且此效应在体积百分比为 0～4%的浓度范围内呈剂量依赖性。巨噬细胞
Tl+离子胞内成像结果也得出同样的结论。K+通道的广谱阻断剂 TEA 和 Na+-K+
泵的特异性阻断剂 Ouabain 的实验表明，对照组与阻断剂组瞬时增加 Tl+的跨膜
转运的能力（表现为细胞荧光强度的增加）没有显著性差异，提示了 DMSO 瞬
时增加 Tl+通透性不是通过 K+离子通道或 Na+-K+泵起作用。CHO-K1 细胞 Ca2+
离子胞内成像结果显示，Ca2+的跨膜转运在 0.5% DMSO 作用下就能明显增加，
























Dimethyl sulphoxide ( DMSO ) has been widely employed in biology, chemistry 
and pharmacology for many years. As is known to all, DMSO can be used as a routine 
cryoprotectant, an effective penetration enhancer and can induce cell fusion. Thus, 
insights into how DMSO modulates membrane structure and function would be 
invaluable toward regulating the above process and for developing chemical means 
for enhancing or hindering the absorption of biologically active molecules, particular 
into or via the skin. 
Dimethyl sulfoxide (DMSO) is frequently used as a vehicle for drug delivery due 
to its ability to enhance permeability of biological membranes to wide range of 
substances. Even though molecular dynamics (MD) simulations demonstrated that 
DMSO is able to induce transient water pores to enhance membrane permeability, no 
experimental evidence is available to support the pore inducing ability of DMSO. Our 
aim is to investigate whether DMSO could induce water pores in the cell membrane. 
Using FluxOR Tl+ influx assay and intracellular Ca2+ imaging techniques, we 
studied the effect of DMSO on Tl+ and Ca2+ permeation across the cell membranes. 
Upon application of DMSO on the CHO-K1 cell line, the Tl+ influx was 
transiently increased in a dose-dependent manner. This DMSO induced increase in Tl+ 
permeability was not changed in the presence of blockers for K+ channel and Na+-K+ 
ATPase, suggesting that Tl+ permeates through the DMSO induced transient water 
pores to enter into the cell. In addition, Ca2+ permeability was significantly increased 
upon application of DMSO, suggesting a nonselective property of the transient water 
pore. Furthermore, similar results could be obtained from RAW264.7 macrophage cell 
line. 
This study gives experimental evidence to support the prediction of MD 
simulation that DMSO could induce transient water pores in cell membranes, which in 















Key words: Ca2+ permeation; dimethyl sulfoxide (DMSO); ion permeation; Tl+ 




















摘  要 ········································································································· II 
Abstract ···································································································· III 
前 言 ············································································································ 1 
第一章 细胞培养 ······················································································· 4 
1.1 实验材料 ············································································································4 
1.2 实验方法············································································································5 
1.3 实验结果和讨论······························································································12 
第二章 Tl+离子胞内成像 ········································································ 15 
2.1 实验材料 ··········································································································18 
2.2 实验方法 ··········································································································19 
2.3 实验结果··········································································································27 




讨  论 ········································································································ 56 
结  论 ········································································································ 59 
参 考 文 献······························································································ 60 
文献综述 ···································································································· 66 













Table of Contents 
VI 
Table of Contents 
Abbreviation ·····························································································Ⅰ 
Abstract in Chinese··················································································Ⅱ 
Abstract in English ··················································································Ⅲ 
Introduction ································································································ 1 
Chapter 1 Cell culture ··············································································· 4 
1.1  Materials ·······································································································4 
1.2  Methods·········································································································5 
1.3  Results ·········································································································12 
Chapter 2 Thallium ion imaging ··························································15 
2.1  Materials ·····································································································18 
2.2  Methods·······································································································19 
2.3  Results ·········································································································27 
Chapter 3 Calcium ion imaging ···························································44 
3.1  Materials ·····································································································46 
3.2  Methods·······································································································47 




























多关于 DMSO 和生物器官的相互作用机制的模型和假说。 
          
图 1  DMSO 化学结构示意图（左图）；DMSO 的原子结构图（右图）。引用于
Gurtovenko AA and Anwar J, 2007。 
 
DMSO 的各种性质中 重要的就是它能增加膜的通透性。由于 DMSO 的这
一性质，它经常被用来帮助活化的分子穿过生物膜(David, 1972; Wood and Wood, 
1975; Santos et al, 2003; Williams and Barry, 2004)。研究表明与 DMSO 共同孵育
后外源 DNA 的转染效率较空白对照组有所提高(Li et al., 2006)。作为一个化学渗
透增强剂，DMSO 被用作药物的载体来促进药物扩散进入皮肤(Barry 2001; 
Williams and Barry, 2004; Mittal et al., 2008; Guillard et al, 2009; Zafar et al., 
2010)。另外有研究表明，在 DMSO 的协助下，富含精氨酸的多肽进入细胞的效
率有显著增加(Wang et al., 2010)。 
但是 DMSO 到底是通过什么机制来增加膜通透性的呢？许多研究者对此进
行了大量的研究。在 2006 年至 2007 年期间，Gurtovenko 和 Anwar 利用二棕榈
酰磷脂胆碱（DPPC）构建的粗粒型细胞膜模型，对 DMSO 作用于膜的分子机制
进行的分子动力学模拟研究，结果显示在小于 20%摩尔百分比的浓度范围内，













前  言 
2 
Kasai 等在对生物膜的分子模拟的实验研究中，发现 DMSO 能在脂质双分子层上
诱导出瞬时的水性孔道（Andrey et al., 2007），而且在实验中直接观察到盐离子
通过 DMSO 诱导出的瞬时缺口渗漏出膜外（Kasai M, 2002），这也可能是 DMSO
增加膜通透性的一种机制。 
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Fluo-3，从而滞留在细胞内。Fluo-3 可以和 Ca2+结合，结合 Ca2+离子后可以产生
较强的荧光， 大激发波长为 506nm， 大发射波长为 526nm。由于 Ca2+的荧光
指示剂 Fluo-3 对 Ca2+极其敏感，并且 Ca2+离子可以顺着胞外与胞内的浓度梯度
驱动力进入到胞内，于是可以通过实时监测细胞内 Fluo-3 荧光强度的变化来反

























F-12 培养基     美国 Hyclone 公司 
胎牛血清（FBS）    美国 GIBCO 公司 
0.25%胰蛋白酶    美国 GIBCO 公司 
PBS 缓冲液粉末    美国 GIBCO 公司 
100×青链霉素（双抗）    美国 Hyclone 公司 
DMEM 培养基      美国 GIBCO 公司 
1.1.2 主要仪器 
CO2 细胞培养箱（Forma Series2 HEPE class 2）   美国 Thermo 公司 
洁净工作台（SW--CJ--ZFD）   苏州安泰空气技术公司 
荧光倒置相差显微镜（Leica DMI4000B）   德国 Leica 公司  
恒温水浴锅（HH--4）    金坛市科技兴仪器厂 
电热恒温鼓风干燥箱（DHG--9146A）   上海精宏实验设备公司 
-20℃冰箱（BCD--602WF）    青岛海尔股份有限公司 
-80℃冰箱（ULT1386--3--V41）    美国 Thermo 公司 
台式高速冷冻离心机（H1850R）    长沙湘仪离心机仪器有限公司 
pH 计（pH720）    德国 WTW 公司 
漏点渗透压仪（5520）    美国 WESCOR 公司 
细胞培养皿（35mm×10mm）   杭州生友生物技术有限公司 




















1.1.4  其它实验器材 














成 5mm×5mm 大小的方形玻璃片。用自来水冲洗玻璃片 2 遍，再用去离子水冲
洗 2遍，然后用镊子把玻璃片加入事先准备好的 2mL的圆底离心管中，每管 10-12
片。向每个离心管中加入 800µL 去离子水，盖好离心管。用锡箔纸包好离心管，
放入一个小容积的保鲜盒里，准备高压灭菌。 
（5）用自来水和洗洁精刷洗器皿，然后用自来水冲洗 3 次， 后用去离子水冲




















（1）将过滤除菌器，1.5mL、2mL 的离心管，2mL 冻存管，1mL 的蓝枪头、20~100μL
的黄枪头、0~10μL 白枪头等无需泡酸的器材用牛皮纸分别包装好，置于高压灭




1.2.2.1 PBS 磷酸缓冲液的配制 
（1）取干净的 1000mL 的烧杯一只，将 PBS 粉末包装拆封，把培养基粉末倒入
烧杯。 
（2）向烧杯中加入去离子水接近 1000mL，边加水边用玻璃棒搅拌，使 PBS 粉
末完全溶解。 
（3）将上述烧杯放置在磁力搅拌器上，把干净的磁棒轻轻放入烧杯中，打开磁
力搅拌器电源，使磁棒中速旋转，搅拌混匀初配的 PBS 液体。 
（4）打开 pH 计，用去离子水淋洗探头，然后将探头固定于试管架，探头深入
烧杯的液面下，注意 pH 计的探头不要碰到烧杯壁。 
（5）观察 pH 计上 pH 读数的变化，加入 NaOH 或 HCl 调 pH 值为 7.4。 
（6）将溶液定容至 1000mL。 
（7）用露点渗透压计测量 PBS 的渗透压，大约 300±10 mmol/Kg 即可。 
（8）在洁净工作台中，用已经过高压灭菌的过滤除菌器对初配的 PBS 过滤除菌。
由于该装置是手动调节滤过压力，故需间歇性手动增压。 
（9）将过滤除菌后的 PBS 的玻璃瓶用封口膜封好，置于 4℃冰箱保存。 
1.2.2.2 F-12 无血清培养基的配制 
















（2）向烧杯中加入去离子水接近 1000mL，边加水边用玻璃棒搅拌，使 F-12 培
养基粉末完全溶解。 
（3）将上述烧杯放置在磁力搅拌器上，把干净的磁棒轻轻放入烧杯中，打开磁
力搅拌器电源，使磁棒中速旋转，搅拌混匀 F-12 培养基初配液。 
（4）打开 pH 计，用去离子水淋洗探头，然后将探头固定于试管架，将探头深
入烧杯的液面下，注意 pH 计的探头不要碰到烧杯壁。 
（5）观察 pH 计上 pH 读数的变化，加入 NaOH 或 HCl 调 pH 值为 7.2。 
（6）将初配的 F-12 培养基定容至 1000mL。 
（7）用露点渗透压计测量 F-12 培养基的渗透压，大约 300±10 mmol/Kg 即可。 
（8）用事先灭菌好的真空抽滤除菌装置在洁净工作台中对初配的 F-12 培养基过
滤，该装置是手动调节滤过压力，故需间歇性手动增压。 
（9）将过滤除菌后的 F-12 培养基的玻璃瓶用封口膜封好，置于 4℃冰箱保存。 
（10）正常培养 CHO-K1 细胞时，用的是含血清的 F-12 培养基。在需要用含血








（4）在洁净工作台中，拆封 10×的胰酶液体，用 5mL 的移液枪把胰酶分装到
50mL，15mL，1mL 的离心管中，盖好管盖。 
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